Abstract. Photosynthetic uptake of inorganic carbon and regulation of photosynthetic CO 2 affinity were investigated in Skeletonema costatum (Grev.) Cleve. The pH independence of K 1/2 (CO 2 ) values indicated that algae grown at either ambient (12 µmol L −1 ) or low (3 µmol L −1 ) CO 2 predominantly took up CO 2 from the medium. The lower pH compensation point (9.12) and insensitivity of photosynthetic rate to di-isothiocyanatostilbene disulfonic acid (DIDS) indicated that the alga had poor capacity for direct HCO 3 − utilisation. Photosynthetic CO 2 affinity is regulated by the concentration of CO 2 rather than HCO 3 − , CO 3 2− or total dissolved inorganic carbon (DIC) in the medium. The response of photosynthetic CO 2 affinity to changes in CO 2 concentration was most sensitive within the range 3-48 µmol L −1 CO 2 . Light was required for the induction of photosynthetic CO 2 affinity, but not for its repression, when cells were shifted between high (126 µmol L −1 ) and ambient (12 µmol L −1 ) CO 2 . The time needed for cells grown at high CO 2 (126 µmol L −1 ) to fully develop photosynthetic CO 2 affinity at ambient CO 2 was approximately 2 h, but acclimation to low or very low CO 2 levels (3 and 1.3 µmol L −1 , respectively) took more than 10 h. Cells grown at low CO 2 (3 µmol L −1 ) required approximately 10 h for repression of all photosynthetic CO 2 affinity when transferred to ambient or high CO 2 (12 or 126 µmol L −1 , respectively), and more than 10 h at very high CO 2 (392 µmol L −1 ).
Introduction
In marine environments, the predominant form of dissolved inorganic carbon is HCO 3 − , and CO 2 usually accounts for less than 1% of the total DIC. The concentration of CO 2 in seawater is lower than that required for half the maximal photosynthetic rate (K 1/2 [CO 2 ]), so diffusive entry of CO 2 would always limit photosynthesis if photosynthetic marine organisms relied entirely upon ambient dissolved CO 2 for photosynthesis. To maintain efficient photosynthesis despite the low CO 2 concentration, many phytoplankton species have developed a carbon concentrating mechanism (CCM), which increases the CO 2 concentration in the vicinity of Rubisco (Raven and Falkowski 1999) .
The mechanisms of inorganic carbon uptake in cyanobacteria, green algae and diatoms have been extensively studied (Kaplan and Reinhold 1999; Badger et al. 2002; Colman et al. 2002; Shibata et al. 2002) . In cyanobacteria, Na + -independent and -dependent HCO 3 − uptake have been Abbreviations used: AZ, acetazolamide; CA, carbonic anhydrase; CCM, carbon concentrating mechanism; DIC, dissolved inorganic carbon; DIDS, di-isothiocyanatostilbene disulfonic acid.
reported in Synechococcus species Kandasamy 1992, 1994) . In green algae, both HCO 3 − and CO 2 are taken up by Chlamydomonas reinhardtii Dangeard and Chlorella species grown at ambient CO 2 (Sültemeyer et al. 1991; Williams and Colman 1995; Bozzo et al. 2000) . Diatom-dominated phytoplankton assemblages are able to take up HCO 3 − directly (Tortell et al. 1997 (Tortell et al. , 2000 and the marine diatoms Phaeodactylum tricornutum Bohlin and Thalassiosira pseudonana Hasle & Heindal take up CO 2 and HCO 3 − (Rotatore et al. 1995; Burkhardt et al. 2001; Morel et al. 2002) .
The regulation of the CCM in green algae and cyanobacteria is well known (Coleman 1991; Moroney and Somanchi 1999; Beardall and Giordano 2002) . In the green algae C. reinhardtii and Chlorella species, growth in high CO 2 conditions (5% CO 2 ) repressed DIC (both HCO 3 − and CO 2 ) transport systems, while a transfer of cells grown at high CO 2 to ambient air induced DIC transport (Sültemeyer et al. 1989; Kaplan and Reinhold 1999) . It has been suggested that the CO 2 concentration in the medium is a critical factor determining CCM expression (Matsuda et al. 1999; Bozzo and Colman 2000; Fukuzawa et al. 2001) . In cyanobacteria, when cells grown at high CO 2 were transferred to low CO 2 , they developed a CCM with a high photosynthetic affinity for external DIC, and evidence suggested that total DIC might be a key signal inducing CCM in two species of Synechococcus (Mayo et al. 1986; Sültemeyer et al. 1998) . External CO 2 concentration may be the sensor inducing CCM in the diatom P. tricornutum (Johson and Raven 1996; Matsuda et al. 2001) . Extracellular carbonic anhydrase (CA), a component of CCM in some algal species, was regulated by CO 2 concentration in the medium in the diatoms S. costatum (Nimer et al. 1998) and T. weissflogii (Grunow) Fryxell & Hasle (Lane and Morel 2000; Burkhardt et al. 2001) . The study presented here examines which types of DIC the marine diatom S. costatum takes up, and investigates the regulation of the CCM.
Materials and methods
Skeletonema costatum (Grev.) Cleve (strain 2042) from the Institute of Oceanography, Chinese Academy of Sciences, Qingdao city, China, was cultured in filtered seawater enriched with f / 2 medium under continuous illumination of 180 µmol m −2 s −1 at 20 • C. The DIC concentrations of the medium were controlled by adding NaHCO 3 solution into CO 2 -free seawater. Changes in the DIC levels in cultures were kept within 10% by maintaining cell densities in a range of approximately 1-4×10 4 cells mL −1 , and renewing the medium every 24 h. The cells for experiments were collected during the mid-exponential growth phase.
Photosynthetic oxygen evolution was measured with a Clarktype oxygen electrode (YSI 5300, YSI Inc., Yellow Springs, OH) at 20
• C and 400 µmol m −2 s −1 . Cells were harvested, washed and resuspended (1.5-3 × 10 6 cells mL −1 ) in CO 2 -free seawater buffered with 25 mmol L −1 Tris-HCl at pH 8.2 or 9.0. The CO 2 -free seawater was adjusted according to Gao et al. (1993) . Following the addition of NaHCO 3 , the rates of oxygen evolution were measured at defined DIC concentrations. The photosynthetic K 1/2 values of DIC or CO 2 (the DIC or CO 2 concentration required to give half-maximal photosynthetic rate) were determined by fitting rates of photosynthetic oxygen evolution at various DIC or CO 2 concentrations to the Michaelis-Menten formula. The CO 2 concentrations at defined DIC levels were calculated according to Chen (1999) .
For the closed-system pH drift experiment, the cells were washed and resuspended (2.8 × 10 5 cells mL −1 ) in a closed bottle (80 mL) in unbuffered fresh medium of filtered natural seawater (2.0 mmol L −1 DIC). The pH drift of the suspension was monitored at 20
• C and 180 µmol m −2 s −1 . Acetazolamide (AZ, Sigma-Aldrich China Inc., Shanghai, China) was used at a final concentration of 200 µmol L −1 . The pH compensation points were determined as the pH value when it no longer increased.
The effect of di-isothiocyanatostilbene disulfonic acid (DIDS) on photosynthetic oxygen evolution was measured at pH 8.2 and 2.0 mmol L −1 DIC at 20
• C and 400 µmol m −2 s −1 . The DIDS (Sigma-Aldrich) was used at a final concentration of 200 µmol L −1 . Chlorophyll a concentration was determined by the spectrophotometric method described by Jeffrey and Humphrey (1975) .
Results

Uptake of external inorganic carbon
Net photosynthesis of S. costatum increased with increasing levels of DIC (or CO 2 ) when measured either at pH 8.2 or pH 9.0. When measured at pH 8.2, cells grown at pH 8.2 reached saturation at 2.1 mmol L −1 DIC (or 12.5 µmol L −1 CO 2 ) and cells grown at pH 8.7 reached saturation at 0.75 mmol L −1 DIC (or 4.5 µmol L −1 CO 2 ) (Fig. 1a) . When measured at pH 9.0, net photosynthesis was saturated at higher DIC levels. Cells grown at pH 8.2 reached saturation at 13 mmol L −1 DIC (or 8.5 µmol L −1 CO 2 ) and cells grown at pH 8.7 cells grown at pH 9.0 reached saturation at 4.3 mmol L −1 DIC (or 2.8 µmol L −1 CO 2 ) (Fig. 1b) . These findings suggest that CO 2 concentrations in the marine environment are sufficient for optimal photosynthesis if cells have been well acclimated.
For cells grown at pH 8.2, the K 1/2 (DIC) value derived from the relationship of photosynthetic rate with inorganic carbon concentration measured at pH 9.0 was about 10 times greater than for that measured at pH 8.2. However, the K 1/2 (CO 2 ) values measured at pH 8.2 and pH 9.0 were not significantly different (Table 1) . Similarly, for cells grown at pH 8.7, the K 1/2 (DIC) value measured at pH 9.0 was 12.6 times greater than that measured at pH 8.2, but the K 1/2 (CO 2 ) was 34% higher at pH 9.0 than at pH 8.2 (Table 1) . The pH independence of the K 1/2 (CO 2 ) values (or pH dependence of K 1/2 (DIC) values) indicated that CO 2 was the main species in cellular DIC uptake. It also suggested that CO 2 was predominantly taken up from the medium for cells grown at both pH levels. 
pH compensation point and DIDS inhibition
The pH values of seawater in a closed system containing cells of S. costatum increased with increasing incubation time.
The maximum values of 9.00 and 9.12 were obtained with and without AZ, respectively (Fig. 2 ). The photosynthetic rates were 428 ± 45 and 465 ± 36 µmol O 2 mg −1 chlorophyll a h −1 (n = 3) with and without DIDS, respectively, indicating that photosynthetic rates were unaffected by DIDS.
The signal regulating photosynthetic CO 2 affinity
The K 1/2 values and calculated concentrations of each DIC species in the growth media are summarised in Table 2 . The K 1/2 (CO 2 ) values for cells grown in defined DIC concentrations at two pH levels did not show any correlation with either the pH of the media or with the DIC, HCO 3 − or CO 3 2− concentrations in the culture media (Table 2) . By contrast, K 1/2 (CO 2 ) values were correlated with CO 2 concentrations in the culture media, which suggested that CO 2 in the media was the key signal for the regulation of photosynthetic CO 2 affinity.
Response of photosynthetic CO 2 affinity to changes in CO 2 concentration
The concentration of CO 2 in the media was manipulated by changing the pH and DIC concentrations (Table 3) . K 1/2 (CO 2 ) values increased as CO 2 concentration increased, and were most sensitive to changes in CO 2 concentration within a range 3-48 µmol L −1 . The CO 2 concentrations in seawater are roughly equal to atmospheric CO 2 concentrations, i.e. from 100 to 1500 µL L −1 , when air-water equilibrium is reached. This suggests that the sensitivity of photosynthetic CO 2 affinity to changes in CO 2 might result from long-term acclimation to changes in CO 2 concentration in seawater associated with fluctuations in atmospheric CO 2 .
Regulation of photosynthetic CO 2 affinity by CO 2 and light
Steady-state photosynthesis was measured at the same CO 2 concentrations and corresponding CO 2 affinities as shown in Table 3 . After 24 h of acclimation to low or high CO 2 , K 1/2 (CO 2 ) values reached a steady state (Figs 3, 4) , indicating that the time required for full induction and repression of the photosynthetic CO 2 affinity in S. costatum was less than 24 h. When cells of S. costatum grown on high CO 2 media (126 µmol L −1 ) were shifted to low CO 2 media (3 µmol L −1 ) in the light, the K 1/2 (CO 2 ) values initially decreased steadily for 8 h and then reached a steady-state level of 0.44 µmol L −1 CO 2 after 24 h (Fig. 3a) . There was approximately a 7-fold increase in photosynthetic CO 2 affinity after 24 h of acclimation. However, in the dark, K 1/2 (CO 2 ) values decreased slowly during the initial 6 h, and then increased to the same level as at t = 0 after 24 h of acclimation (Fig. 3a) . It appeared that the induction of photosynthetic CO 2 affinity occurred in the dark but was severely limited, and light was required for complete induction of photosynthetic CO 2 affinity during acclimation of cells grown in high CO 2 to low 
Values were means ± SE (n = 3 or 4). CO 2 . By contrast, when cells grown at low CO 2 (3 µmol L −1 ) were shifted to high CO 2 (126 µmol L −1 ), the K 1/2 (CO 2 ) values showed similar behaviour in the light and in the dark (Fig. 3b) , indicating that the repression of photosynthetic CO 2 affinity during the acclimation of cells grown at low CO 2 to high CO 2 was independent of light.
The time courses of the changes of K 1/2 (CO 2 ) values for cells moved in the light from high or low CO 2 media to a range of CO 2 concentrations are shown in Fig. 4 . When cells grown at high CO 2 (126 µmol L −1 ) were acclimated to ambient (12 µmol L −1 ) or low CO 2 concentrations (3 or 1.3 µmol L −1 ) in the light (Fig. 4a) , the K 1/2 (CO 2 ) values rapidly decreased to 1.2-1.7 µmol L −1 CO 2 in the initial 2 h. This is equivalent to a decrease of 56-70%. The K 1/2 (CO 2 ) values of those cells acclimating to ambient CO 2 remained almost constant at this level during the next 22 h. In contrast, the K 1/2 (CO 2 ) values of the cells acclimating to the two low CO 2 concentrations continued to decrease over the next 8 h, and reached their minimum values after 24 h. The K 1/2 (CO 2 ) values for the two low levels of CO 2 remained very similar (Fig. 4a) . However, the acclimation trends differed when cells were transferred from low CO 2 (3 µmol L −1 ) to ambient (12 µmol L −1 ) or high concentrations of CO 2 (126 and 392 µmol L −1 ). The K 1/2 (CO 2 ) values during acclimation to ambient CO 2 gradually increased to about 1.3 µmol L −1 CO 2 over 8 h, and then stabilised (Fig. 4b) . During acclimation to a high CO 2 concentration (126 µmol L −1 ), K 1/2 (CO 2 ) values steadily increased to about 3.70 µmol L −1 CO 2 after 10 h and there was no significant subsequent increase between 10 and 24 h of acclimation (Fig. 4b) . During acclimation to the highest CO 2 concentration (392 µmol L −1 ), the K 1/2 (CO 2 ) values remained almost constant for the first 2 h, then increased slowly to about 1.0 µmol L −1 CO 2 over the next 6 h, followed by a 2.5-fold increase in the subsequent 2 h and a slow increase from 10 h to the maximum value reached after 24 h (Fig. 4b) .
Discussion
The DIC species within the growth medium that are used by various phytoplankton have been extensively studied. Most organisms can use CO 2 or HCO 3 − or both, but there are species-specific preferences (Kaplan and Reinhold 1999) . Air-grown cells of C. reinhardtii preferentially take up CO 2 from the medium and HCO 3 − uptake is fully repressed at 100 µmol L −1 CO 2 in the medium (Sültemeyer et al. 1989; Bozzo and Colman 2000) . Rotatore et al. (1995) reported that CO 2 uptake in air-grown cells of P. tricornutum accounted for 50% of the total DIC uptake, but Matsuda et al. (2001) found that air-grown P. tricornutum mostly used HCO 3 − . Korb et al. (1997) showed that air-grown cells of S. costatum used both HCO 3 − and CO 2 for photosynthesis. Our results showed that S. costatum cells grown at both low and ambient CO 2 (3 and 12 µmol L −1 , respectively) largely took up CO 2 from the medium. Nimer et al. (1998) found that extracellular CA of S. costatum developed only when the CO 2 concentration in the medium was less than 5.0 µmol L −1 , and suggested that the induction of extracellular CA occurred when the alga was cultured at 3 µmol L −1 CO 2 . As expected, CA activity was detected in the present study (Chen and Gao 2003) , but regardless of the presence of extracellular CA in S. costatum, CO 2 was the predominant species of DIC taken up from the medium.
Active uptake of CO 2 has been widely found among marine and freshwater microalgae and cyanobacteria (Rotatore et al. 1995; Kaplan and Reinhold 1999) . The involvement of a CO 2 transporter has been demonstrated in cyanobacteria (Miller et al. 1998) , green algae (Rotatore and Colman 1991) and marine diatoms (Rotatore et al. 1995; Burkhardt et al. 2001) . The K 1/2 (CO 2 ) values measured in this study were far lower than the K 1/2 (CO 2 ) values for Rubisco in marine diatoms (30-60 µmol L −1 ) reported by Badger et al. (1998) , suggesting that S. costatum has the capacity to actively take up CO 2 from the medium.
A pH compensation point over 9.2 (equivalent to 0.6 µmol L −1 CO 2 in seawater) has been considered an indicator of HCO 3 − use in macroalgae, and the higher the pH compensation point, the greater the ability to use HCO 3 − (Axelsson and Uusitalo 1988) . Several red macroalgae dependent on CO 2 diffusion for their photosynthesis were found to have final pH values less than 9.2 (Johnston et al. 1992) . The marine diatom P. tricornutum, which is capable of directly using HCO 3 − (Rotatore et al. 1995; Burkhardt et al. 2001; Matsuda et al. 2001) , had a pH compensation point of 10.3 (data not shown). In our experiment, S. costatum had a pH compensation point of 9.12, suggesting that its ability to directly use HCO 3 − would be poor. The pH compensation point decreased slightly in the presence of AZ, indicating that extracellular CA had little effect on the pH compensation point. Photosynthetic rates were not affected by DIDS, an inhibitor of anion exchange type mechanisms that block direct HCO 3 − uptake in marine algae (Merrett et al. 1996; Young et al. 2001) , providing further evidence that S. costatum has little ability to directly use HCO 3 − . The critical factor determining CCM expression in Synechococcus species is the HCO 3 − concentration in the bulk medium (Mayo et al. 1986; Sültemeyer et al. 1998) , but in Chlorella spp., and C. reinhardtii, the signal for regulation of the CCM is a critical CO 2 concentration in the bulk medium (Matsuda and Colman 1995; Matsuda et al. 1998; Bozzo and Colman 2000; Bozzo et al. 2000; Fukuzawa et al. 2001) . Matsuda et al. (2001 Matsuda et al. ( , 2002 demonstrated that the CCM in the marine diatom P. tricornutum is triggered by the CO 2 concentration of the medium. Overall, these results suggest that the CCM of aquatic photoautotrophs might be regulated by a CO 2 -or HCO 3 − -sensing mechanism. Our results showed that photosynthetic CO 2 affinity was correlated with the CO 2 concentration of the media during acclimation, but did not vary with changes in HCO 3 − , CO 3 2− or total DIC concentrations, indicating that the CO 2 concentration in the medium regulates photosynthetic CO 2 affinity in the marine diatom S. costatum. Matsuda et al. (2001) suggested that the type of the inorganic carbon signal used by an organism may be an adaptation to a particular habitat. In the case of neritic species such as P. tricornutum, which grow in an environment with marked changes in CO 2 concentration but relatively constant bicarbonate concentration, it may be advantageous to respond to changes in CO 2 concentration. Likewise, a CO 2 -sensing mechanism may be advantageous to the survival of the coastal marine diatom S. costatum.
There are contradictory reports on whether green algae require light to induce the CCM. During adaptation to air, light was found to be essential for the induction of photosynthetic CO 2 affinity in Chlorella regularis and the induction of bicarbonate transport in C. reinhardtii (Spalding and Ogren 1982; Umino et al. 1991) . However, during acclimation to low CO 2 in darkness, active DIC transporters were induced in C. reinhardtii and Chlorella spp., although the rate of induction appeared to be slower than that in light (Matsuda and Colman 1995; Matsuda et al. 1998; Bozzo and Colman 2000) , indicating that light was not an absolute requirement for induction of the CCM in the two species. There is little information on whether or not light is required for the induction of CCM in marine diatoms. Our results showed that in darkness, photosynthetic CO 2 affinity was induced within 6 h by low CO 2 , but the degree of induction was far lower than that in light. However, after 6 h at low CO 2, the photosynthetic CO 2 affinity began to decrease and after 24 h reached the same level as before transfer, which indicated that light was required for the full induction of photosynthetic CO 2 affinity in S. costatum (Fig. 3a) .
Information about the repression of the CCM of microalgae in light is also scarce. Our results showed that during the acclimation from low CO 2 to high CO 2 , the repression of photosynthetic CO 2 affinity was independent of light, which suggested that photosynthesis and its metabolic products did not contribute to the repression of the photosynthetic CO 2 affinity in S. costatum.
The time required to fully express DIC transport depends on the species. The marine diatom P. tricornutum took approximately 24 h to fully develop DIC transport during acclimation of cells grown at 5% CO 2 to air (Matsuda et al. 2001) . In contrast, full induction of DIC transport in the green algae Chorella ellispoidea and C. reinhardtii was about 3-6 h (Sültemeyer et al. 1991; Matsuda and Colman 1995) . Our results showed that when cells of S. costatum grown in high CO 2 were shifted to ambient CO 2 , photosynthetic CO 2 affinity was fully induced within the first 2 h, but during acclimation to low CO 2 levels, photosynthetic CO 2 affinity reached 80% of the maximum within 10 h and reached the maximum after 24 h. Thus, the time required for the full induction of photosynthetic CO 2 affinity in S. costatum varied with the degree of acclimation.
Time is required to fully repress CCM in green algae when cells grown at low CO 2 are transferred to high CO 2 . It took about 40 h for extracellular CA activity in C. reinhardtii to decline sufficiently when air-grown cells were shifted to high CO 2 (Fett and Coleman 1994) , and in Chlorella ellipsoidea, it took about 24 h for DIC transport to be repressed when air-grown cells were transferred to high CO 2. (Matsuda and Colman 1995) . There are few reports on the time required to repress CCM in marine microalgae. Our results showed that at least 10 h was required to fully repress photosynthetic CO 2 affinity when cells of S. costatum grown at low CO 2 were acclimated to ambient or high CO 2 concentrations. Matsuda and Colman (1995) suggested that the repression of DIC transport when air-grown cells of C. ellipsoidea were transferred to high CO 2 resulted from a high external CO 2 concentration, and the long time period required may be a function of the half-life of the transport protein in this alga. It is unclear whether a similar mechanism exists in the marine diatom S. costatum.
